Allene oxide synthase (AOS) is a key enzyme for the biosynthesis of jasmonic acid (JA). We identified four AOS gene homologs, named OsAOS1-4, in the database of a japonica rice genome and cloned a full-length cDNA of OsAOS1. The analysis of deduced amino acid sequences indicated that only OsAOS1 has a chloroplast transit peptide among all the identified monocot AOSs including OsA-OSs. We found that the transcripts of OsAOS1 and OsAOS4 are up-regulated by red and far-red light in seedling shoots. The response in OsAOS1 transcripts occurred rapidly and transiently, while the response in OsAOS4 transcripts was slower and more sustainable; the maximal enhancement was greater in OsAOS1 transcripts than in OsAOS4 transcripts. The transcript of OsAOS1 was also up-regulated transiently in response to wounding, as reported for dicot AOSs. No wound-induced enhancement occurred, however, in OsAOS4 transcripts. Our results also indicated that OsAOS1, responding to both light and wounding, is the most highly expressed of all the OsAOSs in seedling shoots. By using phyA mutants of rice, it was demonstrated that the photoregulation of the AOS transcript level is mediated by phytochrome. It is suggested that this transcriptional photoregulation participates in the phytochrome-mediated inhibition of rice coleoptile growth.
Introduction
Jasmonic acid (JA) has been shown to occur widely in plants and to play roles as a signalling molecule or a plant hormone. The first-identified physiological response to JA was inhibition of growth (Aldridge et al. 1971 , Yamane et al. 1980 , Yamane et al. 1981 , Dathe et al. 1981 , Ueda et al. 1994 , Irving et al. 1999 . It was subsequently shown that mechanical wounding (Creelman et al. 1992 , Albrecht et al. 1993 , Baldwin et al. 1997 ) and the treatment with elicitors (Gundlach et al. 1992 , Doares et al. 1995 result in enhanced levels of endogenous JA and that applied JA induces a number of genes that are related to defense responses Mullet 1997, Niki et al. 1998 ). These results have indicated that JA is an important element involved in the defense processes of plants (see for review, León et al. 2001) . The use of JA-deficient mutants has yielded results that support this conclusion for Arabidopsis thaliana and tomato (McConn et al. 1997 , Park et al. 2002 , Li et al. 2003 . In Arabidopsis, it was additionally shown that JA is involved in pollen maturation and release (McConn and Browse 1996 , Sanders et al. 2000 , Ishiguro et al. 2001 . Recent investigation indicates that 12-oxo-10,15(Z)octadecatrienoic acid (OPDA), a precursor of JA, is also physiologically active (Stinzi et al. 2001) .
The biosynthetic pathway for JA was investigated extensively by Zimmerman 1983, Vick and Zimmerman 1984) . Based on the results from tracer experiments with Vicia faba and other plants, these workers proposed a biosynthetic pathway that begins from linolenic acid. This pathway has been supported by subsequent studies and most of the involved enzymes have been characterized (for review, see Schaller 2001) . The intermediate (13S,9Z,11E,15Z)-13-hydroperoxy-9,11,15-octadecatrienoic acid (13-HPOT) is directed to different pathways and allene oxide synthase (AOS), which catalyzes the conversion of 13-HPOT to (9Z,11E,15Z,13S,12R)-12,13-epoxy-9,11,15-octadecatrienoic acid (12, , is the first specific enzyme that leads to the synthesis of JA. The product 12,13-EOT is unstable and converted immediately to OPDA, an intermediate shown to be physiologically active (see above), by allene oxide cyclase (Ziegler et al. 1999) . The transgenic tomato plants overexpressing AOS indicated that AOS limits the biosynthesis of JA (Harms et al. 1995) , although the results from Arabidopsis were somewhat complex (Laudert et al. 2000) . AOS cDNA has been cloned from many plants including flax (Song et al. 1993) , guayule (Pan et al. 1995) , Arabidopsis (Laudert et al. 1996) , tomato (Howe et al. 2000 , Sivasankar et al. 2000 , bar-ley (Maucher et al. 2000) , Nicotiana attenuata (Ziegler et al. 2001) , and rice (Agrawal et al. 2002) . Arabidopsis has only one AOS gene (Laudert et al. 1996) , whereas tomato (Howe et al. 2000 , Sivasankar et al. 2000 and barley (Maucher et al. 2000) have been shown to have at least two homologs.
The level of AOS transcripts was found to increase in response to wounding in leaves of Arabidopsis, flax, tomato, N. attenuata, and rice (Laudert et al. 1996 , Harms et al. 1998 , Howe et al. 2000 , Sivasankar et al. 2000 , Ziegler et al. 2001 , Agrawal et al. 2002 . A wound-induced increase in AOS activity could also been detected in Arabidopsis leaves (Laudert and Weiler 1998) . These results have demonstrated that the level of AOS transcripts is up-regulated in response to wounding, accounting for the wound-induced increase in the level of JA. The wound-induced accumulation of AOS transcripts in rice leaves was found to be greater when the wounded leaves were incubated under light than when incubated in darkness, indicating that the wound-induced response in AOS transcripts somehow interacts with a light perception system (Agrawal et al. 2002) . Biswas et al. (2003) isolated a mutant of rice (cpm1) that is impaired in the phytochrome-mediated inhibition of coleoptile growth and in the process of anthesis. We conducted mapbased cloning of the gene responsible for this mutation and identified an AOS gene, different from the one cloned previously, as a most probable candidate. The results from mapbased cloning will be reported elsewhere after demonstration of the recovery of wild-type (WT) phenotypes in the mutant transformed with the AOS genomic DNA. In light of these results, we uncovered that the transcript of the AOS cloned by us is upregulated by phytochrome in rice seedlings (abstract: Haga and Iino 2003) . Here we report this and related findings.
Results

Analysis of AOS genes in rice and phylogenetic relationships among AOSs
Based on the information obtained from map-based cloning of the cpm1 mutant (see Introduction), we cloned a fulllength AOS cDNA (accession number: AB116527) from a cDNA library of rice (cv. Nipponbare). The cloned AOS cDNA was distinct from the AOS cDNA cloned by Agrawal et al. (2002) from the same cultivar, the deduced amino acid sequences showing 55% identity.
The database analysis with the Rice BLAST and the Rice GAAS (see Materials and Methods) indicated that rice has four AOS homologs. We named them OsAOS1-4. OsAOS1 was identified as the seventh predicted gene on the OSJNBa0079B15 BAC clone located at 142.6 cM on chromosome 3. OsAOS2 was identified as the eighteenth predicted gene on the OSJNBa0081P02 BAC clone located at 31.0 cM on chromosome 3. OsAOS3 and OsAOS4 were identified, respectively, as the fifth and eighth predicted genes on the rice P0593D08 PAC clone located at 32.8 cM on chromosome 2. The genes were numbered on the basis of the phylogenetic information (see below); the number is greater as the difference from dicot AOSs is greater.
The OsAOS cDNA cloned by us and that cloned by Agrawal et al. (2002) agreed with the coding regions of genomic OsAOS1 and OsAOS2, respectively. Recently, the rice full-length cDNA project team of the National Institute of Agrobiological Sciences deposited sequences of more than 28,000 cDNAs cloned from cv. Nipponbare (Kikuchi et al. 2003) . The collection included the cDNAs of OsAOS3 (AK107161) and OsAOS4 (AK105964), whose sequences agreed with the coding regions of the corresponding genes.
The predicted amino acid sequences of OsAOS1-4 are shown in Fig. 1A . Sequence analysis indicated that the I-helix and the heme-binding site, consensus sequences for AOS (von Wachenfeldt and Johnson 1995) , are conserved in all the OsAOSs. Only OsAOS1 was found to contain a chloroplast transit peptide at the N-terminal region. Fig. 1B shows the phylogenetic tree of the AOSs so far identified. It is noted that AOSs are separated between dicots and monocots into two branches ( Fig. 1B ). OsAOS1 is most closely related to dicot AOSs. A chloroplast transit peptide is suggested in all the dicot AOSs, except PaAOS. OsAOS1 is the only monocot AOS showing a chloroplast transit peptide. The identified chloroplast transit peptide was found to be homologous between LeAOS1 and StAOS1 and among NaAOS, StAOS2, and LeAOS2. Beyond these homologies, however, no sequence similarity could be found, suggesting that the peptide evolved more or less independently.
In the subsequent studies, the transcripts of OsAOSs were investigated with cv. Nihonmasari. Our analysis with PCR indicated that the genomic sequence of Nihonmasari OsAOS1 is identical to that of Nipponbare OsAOS1. For other OsAOSs of cv. Nihonmasari, it was confirmed that the regions subjected to RT-PCR are identical to those of cv. Nipponbare.
Effects of red light and abrasion on the steady-state level of OsAOS transcripts
We investigated the possibility that the level of OsAOS transcripts is controlled by phytochrome. As the first step of this investigation, dark-grown rice seedlings were irradiated with continuous red light (R) at a fluence rate of 4 µmol m -2 s -1 and the relative transcript levels of OsAOSs were monitored with the quantitative RT-PCR described in Materials and Methods. For comparison, the effect of mild wounding was also investigated. For this treatment, the coleoptile of dark-grown seedlings was briefly abraded with aluminum oxide lapping film. The results obtained are summarized in Fig. 2A -F. Fig.  2G and 2H show examples of agarose gels used for the analysis. In these experiments, the transcript of OsUBQ was determined as an internal standard. Although the transcripts of ACT genes are often used as internal standards, we found that the transcript of ACT1 (accession number: X16280) is rapidly down-regulated by R in rice seedling shoots and therefore should not be used as a standard.
As shown in Fig. 2A , the level of OsAOS1 transcripts was transiently enhanced following the onset of R. A rapid increase occurred after 0.5 h of irradiation and the maximal level, which was about three times the initial level (i.e., the level before R irradiation), was established at 1 h of irradiation. In the subsequent period of about 2 h, the transcript level decreased near to the initial level. The abrasion treatment also resulted in a transient increase in OsAOS1 transcripts ( Fig. 2D) . A high level of transcripts was already detected at 0.5 h. The maximal level, about 10 times the initial level, occurred in the period between 0.5 and 1 h, and the level decreased in the subsequent 1-h period. Therefore, the response to abrasion was more rapid and greater than that to R.
As shown in Fig. 2B , R also enhanced the level of OsAOS4 transcripts. The enhancement occurred more slowly than that of OsAOS1 transcripts. Relatively large scatter of data did not allow determination of a precise time course, but it appeared that the increase in transcript abundance occurred from 1.5 h to about 4 h of R irradiation, followed by a gradual decrease. In sharp contrast to the case of OsAOS1, no obvious change in transcript abundance followed abrasion treatment ( Fig. 2E ).
We also investigated the level of OsAOS2 transcripts in the 6-h period after the onset of R or abrasion treatment. The measurements showed relatively large scatter and no significant response could be resolved (data not shown). It appeared that the response to either treatment, if any, was smaller than that recorded for OsAOS1 or OsAOS4. The number of PCR amplifications required to detect the OsAOS2 transcript in dark-grown shoots (33 cycles) was greater than those required to detect the transcripts of OsAOS1 (23 cycles) and OsAOS4 (29 cycles). The OsAOS2 gene is probably expressed only weakly. The transcript of OsAOS3 could not be detected by RT-PCR in dark-grown shoots, although we used three different primer sets. Furthermore, we were not able to detect OsAOS3 transcripts in R-or abrasion-treated shoots or in leaves of matured plants. OsAOS3 is probably little expressed in the shoot. As shown in Fig. 3 , R-and abrasion-induced accumulation of OsAOS1 transcripts could be detected by Northern blot hybridization. A high level of OsAOS1 transcripts was found in the shoots harvested 1 h after the onset of either treatment. At 3 h, the transcript level decreased to the level in non-treated shoots. The enhancement induced by abrasion was greater than that induced by R. These results were in agreement with the results obtained using RT-PCR. The transcript of OsAOS4 could not be detected by Northern blot hybridization. Because a greater number of PCR amplifications was required to detect the transcript of OsAOS4 by RT-PCR (see above), the level of this transcript was probably too low to be resolved by our Northern analysis. Fig. 4 shows the effects of R and far-red light (FR) pulses on the levels of OsAOS1 and OsAOS4 transcripts. In these experiments, dark-grown seedlings were irradiated with a 3min pulse of R (12 µmol m -2 s -1 ) or FR (130 µmol m -2 s -1 ) and the relative transcript level was monitored with RT-PCR. 
Involvement of phytochrome in the photoregulation of AOS transcript levels
Fig. 3 Effects of continuous R and abrasion treatment on the level of
OsAOS1 transcripts in rice seedling shoots: analysis by Northern blot hybridization. Dark-grown shoots of rice (cv. Nihonmasari) were treated as described for Fig. 2 and harvested at the times indicated. Poly (A) + RNA extracted from the whole shoot (7 µg per sample) was subjected to Northern blot hybridization. An OsUBQ-specific probe was used as a loading control.
As shown in Fig. 4A , the treatment with an R pulse resulted in a transient increase in OsAOS1 transcripts (Fig. 4A ). The time course and the extent of enhancement were similar to those measured during continuous R ( Fig. 2A ). As shown in Fig. 4D , a nearly identical response in OsAOS1 transcripts followed the FR pulse. The level of OsAOS4 transcripts was also enhanced by the pulse of R (Fig. 4B ) or FR (Fig. 4E ). The two time courses were similar. As noted in the response to continuous R (Fig. 2B) , the enhancement occurred more slowly than the enhancement of OsAOS1 transcripts. The enhanced level was also sustained longer. The increase in OsAOS1 transcripts 1 h after either R-or FR-pulse treatment was further detected by Northern blot hybridization (Fig. 4G) .
The results that the transcript levels of OsAOS1 and OsAOS4 were enhanced by pulses of R and FR suggested that they are regulated by phytochrome and that the low level of P FR produced by FR, probably of phytochrome A (phyA), is sufficient to saturate the response. The involvement of phyA was next investigated using phyA mutants that cannot express phyA (Takano et al. 2001) . The relative level of OsAOS1 transcripts was measured 1 h after treatment with a pulse of R or FR, or a pulse of R followed immediately by a pulse of FR (R/FR). In the WT rice (cv. Nipponbare), all the light treatments resulted in similar increases in the transcript level (Fig. 5A ). In the phyA mutant ( Fig. 5C ), R enhanced the transcript level to the extent detected in WT shoots. On the other hand, FR did not cause any detectable enhancement. About 50% of the response to R was reduced by the subsequent FR treatment.
The results obtained using phyA mutants demonstrated that the FR-induced increase in the transcript level is attributable almost entirely to phyA and supported the idea that a very low level of the P FR of phyA is sufficient to saturate the response in WT seedlings. The response induced by R in phyA seedlings could be attributed to other phytochrome species, at least for the portion shown to be FR reversible. The R-induced response was not totally FR reversible in phyA seedlings, although we used a fluence of FR that is generally sufficient to saturate the in vivo phototransformation of P FR to P R . This issue will be considered again in the Discussion.
Distribution of OsAOS1 transcripts in seedling shoots
The level of OsAOS1 transcripts was compared among the following three parts: the upper and lower halves of the coleoptile and the leaves enclosed within the coleoptile. The comparison was made for dark-grown shoots and the shoots subjected to R-pulse or abrasion treatment. The treated shoots were harvested 1 h after treatment. The relative transcript level was determined as the amount of DNA produced after PCR amplifi- cation (see Materials and Methods). With this method, comparisons between non-treated and treated shoots were also possible.
In dark-grown, non-treated shoots, the level of OsAOS1 transcripts was similar between the two halves of the coleoptile and was less in the leaves (Fig. 6A ). The transcript level was enhanced in all parts by a pulse of R (Fig. 6B ) or abrasion treatment (Fig. 6C) . The pattern of distribution after either treatment was similar to that in non-treated shoots. Therefore, the R-induced and the abrasion-induced accumulation of OsAOS1 transcripts occurred similarly in the three parts. The abrasion-induced accumulation occurred in leaves, although the leaves themselves were not abraded.
Discussion
AOSs of rice and comparison with AOSs of other plants
Rice has been shown to have four AOS homologs, named here OsAOS1-4. The analysis by RT-PCR and Northern blot hybridization indicated that OsAOS1 is the most highly expressed AOS in rice seedling shoots; the levels of OsAOS2 and OsAOS4 transcripts appeared to be considerably low as compared to the level of OsAOS1 transcripts. We found no evidence that OsAOS3 is expressed. These relationships in OsAOS transcripts held even in the seedling shoots subjected to light or wound treatment. It is suggested that OsAOS1 is the major AOS of rice seedling shoots.
A chloroplast transit peptide could be identified in all the dicot AOSs so far identified, except one (Fig. 1B) . Among the monocot AOSs including the four OsAOSs, only OsAOS1 was shown to contain a chloroplast transit peptide (Fig. 1A, B ). It is most probable that OsAOS1 is targeted to chloroplasts, or etioplasts of dark-grown shoots, as demonstrated for an AOS of tomato (LeAOS2 in Fig. 1B; Froehlich et al. 2001) . The relationship between the presence of a chloroplast peptide and the cellular localization of monocot AOSs need to be resolved, however, because at least one of the two AOSs of barley (see Fig. 1B ) appeared to be localized in chloroplasts without a chloroplast transit peptide (Maucher et al. 2000) .
It was noted that AOSs are separated between dicots and monocots into two branches (Agrawal et al. 2002) . This separation is retained in the phylogenetic tree shown in Fig. 1B , which includes a greater number of AOSs. The dicot species used for investigation are those that belong to the group of eudicots. In the recently determined phylogenetic relationships of higher plants, eudicots and monocots are thought to stem from the same ancestral dicot (Soltis et al. 2000) . Therefore, the above result suggests that the two groups of AOSs shown in Fig. 1B evolved and diverged from a single AOS gene that was present in this ancestral dicot.
Phytochrome-mediated regulation of the AOS transcript level and comparison with wound-induced regulation
It has been well established that the level of AOS transcripts is up-regulated in response to wounding (see Introduction). In the present study using rice, it has been shown for the first time that the AOS transcript level is also up-regulated in response to light. Phytochrome is the photoreceptor for this response as most clearly demonstrated for OsAOS1 (Fig. 4, 5) .
The level of OsAOS4 transcripts, shown to be enhanced by a pulse of R or FR (Fig. 4) , is probably also up-regulated by phytochrome. The response in OsAOS4 transcripts occurred more slowly and was sustained longer as compared to the response in OsAOS1 transcripts. Although OsAOS4 is suggested to be a relatively minor component of seedling shoots, the difference in response kinetics may represent different roles played by the two OsAOSs. The level of OsAOS1 transcripts is also up-regulated in response to wounding, but the level of OsAOS4 transcripts showed no such response (Fig. 2, see also  below) . This is another interesting finding that suggests different roles played by the two OsAOSs.
Clearly phyA is a phytochrome species involved in the control of OsAOS1 expression and accounts almost entirely for the response induced by FR (Fig. 5) . In WT seedlings, the Rinduced response was similar in magnitude to the FR-induced Fig. 5 Analysis of R-and FR-induced responses in OsAOS1 transcripts with phyA-null mutants. Dark-grown seedlings of WT rice (cv. Nipponbare) and phyA mutants (osphyA-2 and osphyA-4) were subjected to the following treatments: R, a 1-min R pulse (36 µmol m -2 s -1 ); FR, a 3-min FR pulse (130 µmol m -2 s -1 ); and R/FR, a 1-min R pulse immediately followed by a 3-min FR pulse. The levels of OsAOS1 transcripts in WT (A) and phyA (C) shoots, harvested 1 h after the onset of light treatment, were analyzed with RT-PCR. The transcripts of OsUBQ were amplified as an internal control (B and D) . Data shown are the means (±SE) from four experiments (two experiments with osphyA-2 and the other two experiments with osphyA-4). Other details were as described for Fig. 2. response, indicating that phyA is sufficient to saturate the response in OsAOS1 transcripts (see Results). The response induced by R in phyA seedlings is most likely mediated by phyB and/or phyC shown to be present in rice (Tahir et al. 1998) . It has been noted that the R-induced response in phyA seedlings is not entirely FR reversible. Similar results were reported for phytochrome-mediated transcriptional regulation of other genes in Arabidopsis (Hamazato et al. 1997) . The cause of this partial reversibility is not clear. One of the possibilities is that the response escapes rapidly from FR reversibility.
In the present study, we investigated the effects of abrasion (wounding) on OsAOS transcripts to compare with the light-induced responses. The relationship between wounding and AOS transcription has been investigated almost exclusively with dicots and it has not been resolved whether monocots respond similarly. Agrawal et al. (2002) found that the level of OsAOS2 transcripts increases in wounded leaves of rice. The increase became detectable 6 h after wounding and the enhanced level was sustained as long as 2 d. On the other hand, our results indicated that the level of OsAOS1 transcripts is rapidly and transiently enhanced in seedling shoots following wound treatment, as shown for dicot AOSs (Laudert et al. 1996 , Howe et al. 2000 , Sivasankar et al. 2000 , Ziegler et al. 2001 . It is suggested that similar mechanisms participate in the woundinduced transcriptional regulation of dicot AOSs and OsAOS1.
In flax (Harms et al. 1998) , Arabidopsis Weiler 1998, Stenzel et al. 2003 ) and tomato (Howe et al. 2000) , it has been shown that the wound-induced response in AOS transcripts is transmitted to non-wounded parts, and systemin and JA have been suggested as long-distance transmittable signals (León et al. 2001 , Li et al. 2002 . We found that the wound-induced increase in the level of OsAOS1 transcripts occurred in leaves, although leaves themselves were not wounded (Fig. 6 ). This result suggests that similar transmitta-ble signals participate in rice. It would be of interest to investigate whether the phytochrome-mediated response in OsAOS transcripts is also transmittable to non-stimulated parts.
The relationship to phytochrome-mediated inhibition of coleoptile growth
It has been shown that phytochrome mediates lightinduced inhibition of the growth of rice coleoptiles (Pjon and Furuya 1967 , Takano et al. 2001 , Biswas et al. 2003 . Our results suggest that the phytochrome-mediated up-regulation of AOS genes and an expected increase in the level of JA (and perhaps also of OPDA) participate in this growth inhibition. When it is demonstrated that the genetic cause of cpm1 mutation rests in a mutation in the OsAOS1 gene (see Introduction), the relationship between JA and growth will become clearer.
For further clarification of the above-mentioned hypothesis, it is required that the growth of rice coleoptiles is inhibited by JA. The classical assay using isolated coleoptile segments has indicated that JA inhibits auxin-dependent growth of oat and maize coleoptiles (Ueda et al. 1994 , Irving et al. 1999 . In these studies, JA was shown to inhibit segment growth maximally by about 50%. It is very likely that, in these segments, wound-induced enhancement of AOS transcripts also took place, complicating the effect of applied JA. Therefore, it would be more appropriate to investigate the effect of JA using non-wounded intact seedlings. In early studies with intact rice seedlings, it was shown that the growth of the second leaf sheath is inhibited by JA applied to roots or to the leaf sheath itself (Yamane et al. 1980 , Yamane et al. 1981 . We investigated whether JA applied to the coleoptile of intact rice seedlings could inhibit its growth. In this investigation, a lanolin mixture of JA was applied to a subapical zone (1.5-3.5 mm from the tip) of the coleoptile (for the application method, see Haga and Iino 1998) . It was found that the growth of entire Downloaded from https://academic.oup.com/pcp/article-abstract/45/2/119/1814984 by guest on 27 December 2018 coleoptiles (7-10 mm long) is rapidly and strongly inhibited by JA. At concentrations 1-10 mg g -1 lanolin, the growth rate in the period 4-8 h after JA application was reduced by 75% (not shown). These results have indicated that JA is inhibitory to the growth of rice coleoptiles and support the idea that an increase in the level of endogenous JA results in an inhibition of coleoptile growth.
Investigation with maize seedling shoots indicated that multiple mechanisms participate in the phytochrome-mediated control of elongation growth (Iino 1982a , Iino 1982b ). Phytochrome has been shown to inhibit the biosynthesis of the native auxin IAA from L-tryptophan (Iino 1982a , Koshiba et al. 1995 and this response probably participates in the phytochromemediated inhibition of mesocotyl growth (Iino 1982b) . The present study adds another probable mechanism by which the phytochrome-mediated inhibition of the growth of grass seedling shoots is achieved.
Materials and Methods
Plant materials and growth conditions
The plant materials used were two cultivars of rice (Oryza sativa L.), Nihonmasari and Nipponbare, and phytochrome A-null mutants in the Nipponbare background [osphyA-2 (Takano et al. 2001 ) and osphyA-4 (Takano et al., unpublished) ]. Juvenile plants grown in growth cabinets (16 h light and 8 h dark) were the sources of RNA and DNA used to prepare the cDNA library and hybridization probes.
To investigate the effect of light or abrasion, dehusked and surface-sterilized caryopses were sown on 0.7% agar in clear plastic boxes (Biswas et al. 2003) . For light-treatment experiments, 30 caryopses were sown in each box (base area: 6.3×13.7 cm 2 , height: 3.7 cm) and, for abrasion-treatment experiments, 15 caryopses were sown in each box (base area: 3×16 cm 2 , height: 5.5 cm). The plastic boxes were placed in dark boxes made of black cardboard. The caryopses were incubated for 3 d in a light-tight growth room maintained at 25±0.5°C. Experimental treatments of seedlings in darkness were carried out in the same growth room. The seedlings used for experiments had coleoptiles 8-12 mm in length. The mesocotyl was shorter than 1 mm. The leaves remained enclosed inside the coleoptile throughout the experiment.
Isolation and cloning of OsAOS1 cDNA
The cDNA clones of OsAOS1 were screened using an OsAOS1specific probe (see below) from a cDNA library (10 5 phages) of the shoots of 6-day-old rice seedlings (cv. Nipponbare), which was constructed in λZAPII (Stratagene, La Jolla, CA, U.S.A.). The ECL direct nucleic acid labeling and detection system (Amersham Pharmacia Biotech, Buckinghamshire, U.K.) was used to prepare a peroxidaselabeled probe. The enhanced chemiluminescence from the hybridized probe was detected with a gel image analyzer (LAS-1000plus, Fujifilm, Tokyo, Japan). Positive clones were isolated after two rounds of screening, converted into phagemids by in vivo excision, and cloned into Escherichia coli following the manufacturer's instructions (Stratagene). The cDNA insert was sequenced on both strands with the BigDye Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, U.S.A.) and a DNA sequencer (ABI 310; Applied Biosystems).
The OsAOS1 probe used for cDNA library screening was prepared as follows. Total DNA was extracted from green leaves of rice seedlings (cv. Nihonmasari) using the method of Murray and Tompson (1980) . From this DNA sample, a fragment (504 bp) of OsAOS1 was amplified by PCR (30 cycles of 1 min at 94°C, 2 min at 60°C, and 3 min at 72°C, and a final extension for 7 min at 72°C) with a primer pair of 5′-ATCACCAAGTGGGTGCTGTT-3′ and 5′-CACCTCGTAC-CCGTAGTCGT-3′. The amplified fragment was purified with the QIAquick PCR Purification Kit (Qiagen, Hilden, Germany) and cloned into a pCR-TOPO vector according to the manufacture's instructions (Invitrogen, Carlsbad, CA, U.S.A.). The fragment of OsAOS1 cDNA, amplified from this clone with the above primer pair, served as an OsAOS1-specific probe.
Database search and sequence analysis
For 
Light and abrasion treatments
For light treatment, dark-grown seedlings were irradiated with R or FR (for the light sources, see Liu and Iino 1996) . For abrasion treatment, two opposite sides of the coleoptile of dark-grown seedlings were gently rubbed with aluminum oxide lapping film Sumitomo 3M, Inc., Tokyo) . This was carried out by sandwiching the coleoptile between two strips (3 mm wide) of the film and by moving the strips downward and upward in 10 repeats; the abrasion treatment of each coleoptile took about 8 s. To handle seedlings in darkness, an infrared viewer (Type 88500; EMO-Elektronik GmbH, Buxtehude, Germany) was used under photomorphogenetically safe infrared radiation (for the radiation source, see Liu and Iino 1996) . The fluence rate at the position of seedlings was about 0.025 µmol m -2 s -1 (780-850 nm).
The whole shoot or defined parts of the shoot was excised with a razor blade under dim green light (about 0.05 µmol m -2 s -1 ; for the light source, see Biswas et al. 2003) . The harvested tissues were frozen immediately in liquid N 2 and stored at -80°C. For each sample, tissues were collected from 10 seedlings (RT-PCR analysis) or 100 seedlings (Northern analysis). Exposure to green light did not exceed 5 min.
Quantitative RT-PCR
The tissues stored at -80°C were dipped again in liquid N 2 and ground to fine powders with a homogenizer (MM300; Retsch, Haan, Germany). Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen). The extract was treated with the RNase-free DNase (Qiagen) to remove contaminating DNA. RT-PCR was carried out using a PCR System (GeneAmp, Model 9700G; Applied Biosystems) and an RT-PCR kit (SuperScript One-Step RT-PCR with Platinum Taq System; Invitrogen). The reaction mixture (25 µl) contained total RNA and other components supplied by the manufacturer. The following PCR conditions were used: the first cycle for cDNA synthesis and predenaturation at 50°C for 30 min and at 94°C for 2 min; 18-29 cycles of amplification, with each cycle at 94°C for 15 s, at 60°C for 30 s, and at 72°C for 1 min; and the final extension at 72°C for 10 min.
For the time-course study (Fig. 2, 4) , a set of RNA samples, each of which contained 0.025 µg total RNA, was subjected to RT-PCR together with varying amounts of one sample (usually the sample con-Downloaded from https://academic.oup.com/pcp/article-abstract/45/2/119/1814984 by guest on 27 December 2018 taining the highest level of the investigated transcript). The PCR products (10-µl aliquots of the final reaction mixtures) were electrophoresed on a 2% agarose gel, followed by 1-h staining with SYBR Gold nucleic acid gel stain (Molecular Probes, Eugene, Oregon, U.S.A.). The image of the stained gel was recorded with the gel image analyzer and the image density of each stained PCR product was analyzed using the software provided with the gel image analyzer. A calibration line was obtained from the concentration series of the chosen sample by fitting the data to a linear or exponential function. In all cases, R 2 of the calibration line was greater than 0.993. The relative amount of transcripts in each sample was calculated against the calibration line. To combine the data obtained on different occasions, the dark control level was given a relative value of unity.
The distribution of the OsAOS1 transcripts in the shoot (Fig. 6 ) was investigated similarly. In this study, RT-PCR products including those from varying amounts of one chosen sample were electrophoresed together with a standard sample of DNA (0.2 ng). A segment of cloned OsAOS1 cDNA, amplified with the same primer pair, was used as the standard. After determining the relative amounts of RT-PCR products, the DNA amounts of the products were calculated using the value for the standard DNA.
The gene-specific primer pairs used were: 5′-CACCTTCATG-CCGTCCAC-3′ and 5′-CCGAACGAGTTGAAGCAGAG-3′ (OsAOS1), 5′-CGGTACATGCTCGACTTCAC-3′ and 5′-ACACCACCGACTTC-ACCAG-3′ (OsAOS4), and 5′-ATCACGCTGGAGGTGGAGT-3′ and 5′-AGGCCTTCTGGTTGTAGACG-3′ (OsUBQ; accession number: L31941). The sizes of PCR products were 555 bp (OsAOS1), 505 bp (OsAOS4) and 430 bp (OsUBQ). The primers were designed with the Primer3 (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www_slow.cgi).
Northern analysis
Total RNA was extracted as described above and was further subjected to isolation of poly (A) + RNA with an mRNA purification kit (Oligotex-dT30<Super>; Takara Bio Inc., Otsu, Japan). The poly (A) + RNA sample (7 µg RNA) was separated by electrophoresis on a 1% (W/V) agarose gel and transferred to a nylon membrane (Hybond-N; Amersham Pharmacia Biochem). The ECL direct nucleic acid labeling and detection system was used to hybridize the membranetransferred mRNA with peroxidase-labeled DNA probes and the gel image analyzer was used to detect the enhanced chemiluminescence from the hybridized probe (see above). The OsAOS1 probe used was the same as that used to isolate cDNA. An OsUBQ-specific probe was used as a loading control. This probe was prepared by amplifying the cloned segment of OsUBQ with the OsUBQ-specific primer set (see above).
